Methods {#section1-2058-5241.1.000030}
=======

A comprehensive search was performed to identify previous studies of spinal degenerative stenosis with and without spondylolisthesis in PubMed, Cochrane and EMBASE databases. The selection included studies published in the last ten years and was conducted following PRISMA recommendations for systematic reviews.^[@bibr1-2058-5241.1.000030]^

Disease and clinical diagnosis {#section2-2058-5241.1.000030}
==============================

Degenerative processes of the lumbar spine causing stenosis are one of the major causes of pain and dysfunction in the elderly, having a much stronger negative impact on health-related quality of life (HR-QoL), in comparison with other comorbid conditions such as osteoarthritis of the knee and hip, cardiovascular disease, cerebrovascular disease or respiratory disease.^[@bibr2-2058-5241.1.000030]^

Congenital or acquired lumbar spinal stenosis (LSS) was well described by Verbiest and Epstein.^[@bibr3-2058-5241.1.000030]-[@bibr7-2058-5241.1.000030]^ More commonly, lumbar stenosis is the result of degenerative changes. This degenerative process is thought to be initiated by disc dehydration and bulging, and collapse of the disc space which leads to the narrowing of the space, resulting in an increased transfer of stress to the facet joints. This accelerates facet joint cartilage degeneration and osteophyte formation.^[@bibr8-2058-5241.1.000030],[@bibr9-2058-5241.1.000030]^

The combination of degenerative changes in the disc and facet joints can lead to central canal or lateral recess stenosis, which may also result in vertebral displacement leading to degenerative spondylolisthesis ([Table 1](#table1-2058-5241.1.000030){ref-type="table"}).^[@bibr3-2058-5241.1.000030]-[@bibr7-2058-5241.1.000030]^ These stenotic changes can cause neural compression that presents clinically as variable degrees of back and leg pain, numbness and weakness, as well as gait deterioration.^[@bibr10-2058-5241.1.000030]^

###### 

Sub-types of spinal canal stenosis, which can be alone or combined

  Stenosis types (by anatomical site)   Causes                                                                                       Root affected
  ------------------------------------- -------------------------------------------------------------------------------------------- -----------------
  Central                               Segmental slip in spondylolisthesis, flavum bulging or facet joint hypertrophy, congenital   Descending root
  Sub-articular                                                                                                                      
  Foraminal                             Bone spurs from facet joints, bulging or herniated discs, ligamentous flavum hypertrophy     Emerging root
  Extraforaminal (far lateral)                                                                                                       

Patients with central lumbar spondylitic stenosis most commonly present with neurogenic claudication and report discomfort whist standing or mantaining extension posture, as well as diminished walking capacity. However, their ability to walk distances can be increased by ambulating with the spine in a flexed forward posture such as that used when pushing a shopping trolley.^[@bibr10-2058-5241.1.000030],[@bibr11-2058-5241.1.000030]^

It is well known that radiographic changes do not always correlate with symptoms, explaining why diagnosis is typically based on clinical history and physical examination and is confirmed using imaging studies.^[@bibr12-2058-5241.1.000030]^ Radiographic LSS (lumbar spinal stenosis) commonly occurs in the elderly; however, the exact prevalence of symptomatic LSS has not been well defined.^[@bibr13-2058-5241.1.000030],[@bibr14-2058-5241.1.000030]^ Typically, radiographic evaluation starts with plain standing anterior--posterior (AP) and lateral radiographs, which may demonstrate narrowing of the disc space, end-plate sclerosis, osteophytes, facet hypertrophy and also the presence of degenerative spondylolisthesis, which is most common at L4-L5.^[@bibr15-2058-5241.1.000030]^ Lateral flexion-extension radiographs may be helpful in determining whether spondylolisthesis is mobile and also demonstrate the slip that is not visible on the plain standing lateral view. CT scans can also be performed to assess the extent of facet joint arthritis and foraminal compromise by osteophytes. The degree of spinal stenosis is best evaluated on MRI because it can demonstrate disc degeneration or herniation, hypertrophy of the ligamentum flavum and facet capsule, and narrowing of the central canal and lateral recess. The absence of normal sedimentation on the lumbar nerve roots is a positive sign of LSS and is shown to have high intra-observer reliability and acceptable inter-observer reliability ([Fig. 1](#fig1-2058-5241.1.000030){ref-type="fig"}).^[@bibr16-2058-5241.1.000030]^

![Comparative axial T2 MRI, showing a) positive sedimentation sign; b) negative sedimentation sign.](eor-1-267-g001){#fig1-2058-5241.1.000030}

Larger ligamentum flavum cross-sectional areas and ligamentum flavum thicknesses at the most stenotic intervertebral level are asociated with higher disability ([Fig. 2](#fig2-2058-5241.1.000030){ref-type="fig"}).^[@bibr17-2058-5241.1.000030]^

![A 79-year-old male with severe radiculopathy of the right thigh and left leg in the standing position: a) sagittal MRI showing spondylolis with central L3-L4-L5 stenosis, b) axial L3-L4: central and right lateral recess stenosis, c) axial L4-L5: left lateral recess stenosis.](eor-1-267-g002){#fig2-2058-5241.1.000030}

When MRI cannot be performed, CT myelography can provide reproducible measurements of intra-canal dimensions and flavum thickness, but this is an invasive procedure with several potential complications.^[@bibr18-2058-5241.1.000030]^ Upright, standing or positional MRI (uMRI) is a type of vertical, open MRI developed in recent years. The proposed advantages of uMRI are based on the ability to scan the spine (or joints) in different positions (including the position where clinical symptoms are more pronounced) and assess the effects of weight-bearing, position and dynamic movement. There is insufficient scientific evidence to make any conclusions about the true effectiveness of this type of MRI and whether it can replace other tests, or whether it results in equivalent or better diagnostic outcomes.^[@bibr19-2058-5241.1.000030]^

Management {#section3-2058-5241.1.000030}
==========

Conservative treatment {#section4-2058-5241.1.000030}
----------------------

The objectives of non-surgical treatment are to alleviate pain and improve function. The initial treatment of LSS is non-surgical. The most effective non-surgical treatment is a comprehensive combination of anti-inflammatory drugs, physical therapy and conditioning, and epidural injections.

Non-steroidal anti-inflammatory drugs (NSAIDs) and narcotic analgesics may temporarily alleviate pain, but their role is limited due to potential adverse effects, especially in the elderly population.^[@bibr20-2058-5241.1.000030],[@bibr21-2058-5241.1.000030]^

Physical therapy was shown to improve physical function score on the Short Form-36 Health Survey at two years.^[@bibr22-2058-5241.1.000030]^ In a subcategory of the SPORT study, results showed that physical therapy used in the first six weeks of enrolment was associated with a reduced likelihood of crossover to surgery after one year (21% *versus* 33%, p = 0.045), and greater reductions on the Short Form-36 physical functioning scale after one year (mean difference 6.5, 95% CI 0.6 to 12.4).^[@bibr23-2058-5241.1.000030]^

Although epidural injections of local anaesthetic have been shown to improve pain and function in LSS, these benefits seem to be short-lived. The available evidence does not strongly support the addition of steroids to local anaesthetic agents.^[@bibr24-2058-5241.1.000030]^ However, epidural injections may be considered as an effective procedure for a select group of patients who have chronic function-limiting lower back and lower extremity pain secondary to LSS.^[@bibr25-2058-5241.1.000030]^

There are still controversies due to the lack of moderate- to high-grade evidence for non-operative treatment for short-term outcomes and results favouring decompression at long term-outcomes.^[@bibr26-2058-5241.1.000030]^

Surgical treatment {#section5-2058-5241.1.000030}
------------------

Patient who fail non-operative treatment should be considered for surgery.^[@bibr27-2058-5241.1.000030]^ The surgical procedure depends upon the location and character of the stenosis. Decision-making in order to obtain a good surgical result is based on a careful clinical assessment of motor weakness or radicular symptoms along with specific nerve root distribution affection corresponding with the imaging location of central or lateral recess and foramen compression ([Table 2](#table2-2058-5241.1.000030){ref-type="table"}).

###### 

Decompression types and techniques (alone or combined)

  --------------------------- -------------------------------------------------------------------------------------------
  Laminotomy / foraminotomy   Partial removal of the laminae or the articular process into the lateral recess.
  Laminectomy                 Complete removal of the laminae. Can be unilateral or central, including spinous process.
  Discectomy                  Removal of part of the disc that is compressing the root.
  --------------------------- -------------------------------------------------------------------------------------------

A prospective study by Amundsen et al,^[@bibr28-2058-5241.1.000030]^ a randomised study by Malmivaara et al^[@bibr29-2058-5241.1.000030]^ and the Spine Patient Outcomes Research Trial (SPORT)^[@bibr30-2058-5241.1.000030]^ demonstrated that patients treated surgically had a significantly better outcome than those treated with non-surgical care at two-year follow-up. It has been reported that patients with predominant leg pain rather than back pain had better surgical outcomes.^[@bibr31-2058-5241.1.000030]^ The most significant randomised controlled trials comparing conservative treatment *versus* surgery are presented in [Table 3](#table3-2058-5241.1.000030){ref-type="table"}.

###### 

Surgical *versus* conservative randomised controlled trials (RCTs)

  ---------------------------------------------------------------- ---------------------- --------------- -------------------------------- ------------------------------------------------------------------------------------ ------------------- ----------------------------------------------------------------------------------------------- -------------------------------------------------------------------------
  Author                                                           Journal                Patients (n)    With/without spondylolisthesis   Measurement tool                                                                     Follow-up (years)   Results                                                                                         Risk bias

  Atlas (Maine Lumbar Study Group)^[@bibr32-2058-5241.1.000030]^   *Spine*, 2005          148             Not specified                    Bothersomeness scale for leg/back pain and weakness. SF-36, Modified Roland scale.   8-10                Better leg pain relief and back-related functional status in surgically-treated.                Non-random height rate loss follow-up. Various levels of decompression.

  Amundsen^[@bibr28-2058-5241.1.000030]^                           *Spine*, 2000          100             Not specified                    Intensity of pain (light/moderate/severe).\                                          4-10                Most favourable surgically-treated results.                                                     Only 31 randomised lost follow-up.
                                                                                                                                           Patients reported results after surgery (worse/unchanged/fair/excellent).\                                                                                                                               
                                                                                                                                           Daily activity.\                                                                                                                                                                                         
                                                                                                                                           Neurological status. Walking distance.                                                                                                                                                                   

  Malmivaara^[@bibr29-2058-5241.1.000030]^                         *Spine*, 2007          94              Both                             ODI, VAS\                                                                            2                   Better improvement for surgical group for leg/back pain and disability.                         Crossover.
                                                                                                                                           leg/back.Walking ability.                                                                                                                                                                                

  Weinstein et al (SPORT)^[@bibr30-2058-5241.1.000030]^            *N Engl J Med*, 2008   365             Without spondylolisthesis        ODI, SF-36.                                                                          4                   Better surgical results. As treated analysis.                                                   Crossover.

  Kovacs et al^[@bibr33-2058-5241.1.000030]^                       *Spine*, 2011          Review 5 RCTs   Both                             ODI, SF-36.VAS leg/back.Walking ability.                                             4                   Surgery more effective than conservative. treatment in patients with neurogenic claudication.   Heterogeneous population and interventions.
  ---------------------------------------------------------------- ---------------------- --------------- -------------------------------- ------------------------------------------------------------------------------------ ------------------- ----------------------------------------------------------------------------------------------- -------------------------------------------------------------------------

Although evidence from current studies suggested that surgical intervention is effective, the same studies showed that patients treated non-operatively also improve initially. Patients selected for surgical treatment were more likely to be younger, had worse back pain, physical function and disability, and worse central stenosis index and lateral recess stenosis.^[@bibr34-2058-5241.1.000030]^

Spinal stenosis with degenerative spondylolisthesis {#section6-2058-5241.1.000030}
===================================================

Studies on the use of decompression alone to manage degenerative spondylolisthesis were published by Epstein^[@bibr35-2058-5241.1.000030]^ and Kristof,^[@bibr36-2058-5241.1.000030]^ with good to excellent outcomes in older patients without dynamic instability on lateral radiographs (82.0% and 73.5%, respectively). When decompression alone is performed, preservation of the facet joints leads to better outcomes and less risk of slip progression.^[@bibr37-2058-5241.1.000030]^ Two randomised controlled trials compared decompression alone with decompression and posterolateral fusion, finding that patients in whom fusion was added had greater functional improvement.^[@bibr38-2058-5241.1.000030],[@bibr39-2058-5241.1.000030]^ Martin et al studied the surgical outcomes in degenerative spondylolisthesis and found that spinal decompression and fusion led to better clinical outcomes than decompression alone (RR 1.40; 95% CI 1.04 to 1.89) and that fusion was improved with instrumentation (RR 1.37; 95% CI 1.07 to 1.75), although instrumentation did not correlate with better clinical outcomes (RR 1.19; 95% CI 0.92 to 1.54).^[@bibr40-2058-5241.1.000030]^ Recently, a meta-analysis published by Ye et al concluded that the inclusion of instrumentation to fusion surgery for lumbar spondylolisthesis provided no benefit in patient-reported outcomes, with a higher functional disability and no difference in pain change and satisfaction at two-year follow-up.^[@bibr41-2058-5241.1.000030]^ In recent years, transforaminal lumbar interbody fusion (TLIF) has gained popularity due to increased mechanical strength compared with posterolateral fusion alone, segmental lordosis and disc high restoration and indirect foraminal decompression, but this technique does not seem to improve functional outcomes compared with instrumented posterolateral fusion alone, with increased operation time and blood loss for the TLIF group,^[@bibr42-2058-5241.1.000030]^ and a tendency to be more costly in terms of bed days and production loss at two years.^[@bibr43-2058-5241.1.000030]^ In patients with back pain due to dynamic instability, instrumented fusion can be an option ([Fig. 3](#fig3-2058-5241.1.000030){ref-type="fig"}).

![A 58-year-old female with neurogenic claudication and right leg radiculopathy in the standing position. a) Lateral radiographs show L4-L5 degenerative spondylolisthesis Grade I; b) sagittal MRI with central canal stenosis (white arrow); c) decompression and instrumented 360° fusion with TLIF technique with a PEEK cage on the right side.](eor-1-267-g003){#fig3-2058-5241.1.000030}

Spinal stenosis without degenerative spondylolisthesis {#section7-2058-5241.1.000030}
======================================================

Sigmundsson et al studied a cohort of 9051 patients in the Swedish Spine Register of patients with lumbar stenosis without spondylolisthesis, finding that patients with a predominant back pain pattern were associated with inferior outcomes, and the addition of spinal fusion could only provide a small benefit in patients with predominant back pain rather than leg pain.^[@bibr44-2058-5241.1.000030]^ Recently, the multicentre SPORT study reported outcomes at eight years for patients with stenosis and without spondylolisthesis, showing no differences between surgery and conservative treatment in 'intent-to-treat' analysis. However, 47% were lost to follow-up and a large number of patients (52%) who initially enrolled for conservative treatment underwent surgery. In the 'as-treated' analysis, those that underwent surgery showed significantly greater improvement in pain, function, satisfaction and self-rated progress during the eight years than patients treated non-operatively.^[@bibr45-2058-5241.1.000030]^

Instrumented or non-instrumented fusion? {#section8-2058-5241.1.000030}
========================================

The use of posterior instrumentation with fusion has become the standard of care; several studies show higher fusion rates with the use of instrumentation. However, its effect on clinical outcomes remains unclear.^[@bibr46-2058-5241.1.000030]^ The literature supports fusion surgery as a viable treatment option for reducing pain and improving function in patients with chronic lower back pain refractory to non-surgical care when a diagnosis of disc degeneration can be made;^[@bibr47-2058-5241.1.000030]^ however, there is lack of evidence regarding whether tests can identify which sub-group of back pain patients can best benefit from spinal fusion.^[@bibr48-2058-5241.1.000030]^ Kleinstueck et al found better results in terms of back pain reduction when fusion was added to decompression in patients with stenosis and degenerative spondylolisthesis, but patients who underwent fusion had worse back pain pre-operatively.^[@bibr49-2058-5241.1.000030]^ Försth et al studied the data of 5390 patients of the National Swedish Spine Register for Spinal Surgery (Swespine) who underwent decompressive surgery alone, or decompression and fusion for spinal stenosis, finding no differences in patient satisfaction regardless of the presence of pre-operative spondylolisthesis. Also, they did not find any significant differences between instrumented and non-instrumented fusion and the rate of further surgery.^[@bibr50-2058-5241.1.000030]^ Regardless of better fusion rates in instrumented patients, no better outcomes were found compared with non-fusion, even in patients with spondylolisthesis ([Fig. 4](#fig4-2058-5241.1.000030){ref-type="fig"}).^[@bibr41-2058-5241.1.000030]^

![Post-operative radiographs showing central decompression alone (white arrow) without instrumentation.](eor-1-267-g004){#fig4-2058-5241.1.000030}

Complications {#section9-2058-5241.1.000030}
=============

Surgical treatment of LSS by decompression with or without fusion has a number of potential complications such as infection, dural tear, epidural haematoma and instability. An incidence of 2% of reported deep infection required debridement.^[@bibr41-2058-5241.1.000030]^ Incidence of durotomy of patients undergoing laminectomy for lumbar degenerative spondylolisthesis reported in the SPORT trial was 5--10%, but this does not seem to affect pain and function in the long term.^[@bibr51-2058-5241.1.000030]^ Reported incidence of epidural haematoma is in the range of 0%--1%, with requiring re-operation.^[@bibr45-2058-5241.1.000030],[@bibr52-2058-5241.1.000030]^ Kornblum et al demonstrated the long-term outcomes in degenerative spondylolisthesis patients operated on with pseudarthrosis, who did not do as well as those treated with solid fusion. The authors concluded that solid fusion was beneficial for good long-term results and that consideration should be given to adding spinal instrumentation at the index procedure.^[@bibr53-2058-5241.1.000030]^

Minimally invasive techniques {#section10-2058-5241.1.000030}
=============================

In an ageing population, and in patients with multiple co-morbidities who are at higher risk for complications, minimally-invasive (MIS) techniques may result in lower complication rates and lower hospital resource utilisation, as has been previously reported for open surgery.^[@bibr54-2058-5241.1.000030],[@bibr55-2058-5241.1.000030]^ However, MIS spinal procedures carry an inherently difficult learning curve.^[@bibr56-2058-5241.1.000030]^ New techniques of posterior decompression have been developed to preserve spinal integrity and to minimise tissue damage by limiting bony decompression and avoiding removal of the mid-line structures (i.e. spinous process, vertebral arch and interspinous and supraspinous ligaments). Parker et al, in an effectiveness and cost-utility analysis, reported that MIS-TLIF is a more cost-effective treatment than open-TLIF for patients with degenerative spondylolisthesis at two-year follow-up.^[@bibr57-2058-5241.1.000030]^ Recently, in a Cochrane systematic review, Overdevest et al compared the effectiveness of different posterior decompression techniques with the 'gold standard' conventional laminectomy for lumbar stenosis.^[@bibr58-2058-5241.1.000030]^ Proposed advantages of these techniques regarding the lower incidence of iatrogenic instability and post-operative back pain were reported, but definitive conclusions are limited by poor methodology, and poor reports of the outcome measures in the included studies. Future research is necessary to establish the incidence of iatrogenic instability using standardised definitions of radiological and clinical instability at comparable follow-up intervals.^[@bibr58-2058-5241.1.000030]^ Long-term results with these techniques to asses the clinical benefits are currently lacking.

Interspinous devices {#section11-2058-5241.1.000030}
====================

Flexion tends to relieve symptoms for some patients due to widening the spinal canal.^[@bibr59-2058-5241.1.000030],[@bibr60-2058-5241.1.000030]^   Therefore, interspinous dynamic devices (ID) have been designed to limit spinal extension.^[@bibr61-2058-5241.1.000030]-[@bibr63-2058-5241.1.000030]^ Three high-quality reviews, according to Jacobs et al,^[@bibr64-2058-5241.1.000030]^ compared interspinous process distraction devices with conservative treatment, finding better Zurich claudication questionnaire scores when ID were used, but long-term outcomes and cost-effectiveness need to be assessed.^[@bibr4-2058-5241.1.000030],[@bibr7-2058-5241.1.000030],[@bibr12-2058-5241.1.000030]^ Although patients may obtain some benefits from interspinous spacers implanted through a MIS technique, ID use is associated with a higher incidence of re-operation and higher costs. Recently, a systematic review and meta-analysis compared ID placement *versus* laminectomy, found no differences in clinical outcomes, higher complication rates and significantly higher re-operation rates than laminectomy patients (12.6% *versus* 5.8%, p = 0.026), and incurred higher cumulative costs than laminectomy patients at 12-month follow-up.^[@bibr65-2058-5241.1.000030]^ In the last ten years, the use of these implants has become very common but to date, no long-term follow-ups regarding clinical and radiological aspects are available. The higher re-operation rate, recurrence of symptoms and progression of degenerative changes is evident in the literature, therefore the indications, risks and benefits of using an ID should be carefully considered before surgery.

Conclusions {#section12-2058-5241.1.000030}
===========

Surgical decompression for patients with predominant radicular pain has been shown to offer the most beneficial long-term outcomes. Additional instrumentation could be added in patients with a history of back pain and those with disc and facet joint degeneration with associated spondylolisthesis at the index level. More long-term studies are needed to assess the benefit of MIS techniques.
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